We have successfully synthesized Ba 3 Cr 2 O 8 and investigated its crystal structure and magnetic properties. The crystal structure consists of Ba 2þ cations and isolated CrO 3À 4 tetrahedra; magnetic chromium ions exist as rare Cr 
Introduction
Over the last decade, many spin dimer systems that have spin-singlet ground state have been extensively studied. [1] [2] [3] [4] Among them, quantum phenomena associated with excited triplets (magnons) such as the Bose-Einstein condensation (BEC) of magnons, 2, 4, 5) and the Wigner crystallization of magnons 3) have attracted much attention. The former emerge as a field induced antiferromagnetic long-range ordering of transverse spin components. Such phenomenon of magnon-BEC was first experimentally observed in TlCuCl 3 4) in 2000. On the other hand, the Wigner crystallization of magnons was found to be realized in the orthogonal dimer system SrCu 2 (BO 3 Þ 2 with Shastry-Satherland lattice, showing the quantized magnetization plateaus phenomenologically.
3) These discoveries have accelerated the search for new spin dimer systems and new quantum phenomena.
In such current spin dimer study, recently, Uchida et al. have discovered a new spin dimer compound, i.e., Ba 3 -Mn 2 O 8 , with a gapped ground state. 6, 7) This compound has an interesting framework of its crystal structure and exhibits magnetization plateau at half of its saturated magnetization. The crystal structure is shown in Fig. 1 
Experimental
The polycrystalline samples of Ba 3 Cr 2 O 8 were prepared by a solid state reaction. The mixed powders of starting materials, BaCO 3 and Cr 2 O 3 , in an appropriate molar ratio were heated at 1223 K for 24 h in Ar gas for preliminary decarbonation and then heated at 1293 K for 24 h in an evacuating silica tube to avoid the oxidation of Cr 5þ into Cr 7þ . The obtained dark green product was checked to be a single phase of Ba 3 Cr 2 O 8 by X-ray diffraction. The crystal structure was refined by the Rietveld analysis of powder X-ray diffraction using RIETAN2000. 13) Magnetic susceptibility was studied using a SQUID magnetometer in a temperature range T ¼ 1:8 { 300 K at 0.1 T. The high-field magnetization measurement was performed using an induction method with a multilayer pulse magnet at the Division of Physics under Extreme Conditions, Institute for Solid State Physics, University of Tokyo. Magnetization data were collected at T ¼ 1:6 K in magnetic fields up to 46 T. Figure 2 shows the X-ray diffraction pattern measured at room temperature. All the peaks responsible for Ba 3 Cr 2 O 8 can be successfully indexed in a trigonal R " 3 3m space group which is the same as in A 3 M 2 O 8 compounds. The lattice parameters are a ¼ 5:73906ð5Þ Å , c ¼ 21:3757ð2Þ Å , and V ¼ 609:72ð1Þ Å 3 , and the structural parameters refined by the Rietveld analysis are shown in Table I . From the structure data, the Cr 5þ -Cr 5þ distances corresponding to the exchange interaction J i [see Fig It shows a typical low dimensional behavior with a broad maximum at around 15 K. Above 65 K, raw data r (solid circles in Fig. 3 ) obeys a Curie-Weiss law with Curie constant C ¼ 0:376ð1Þ emu K/(Cr-mol), Weiss constant ¼ À6:6ð4Þ K, and temperature independent term 0 ¼ À 1:2ð1ÞÂ 10 À4 emu/mol. The value of P eff ¼ 1:73ð8Þ B obtained from the observed C is compatible with the calculated value of 1.73 B for Cr 5þ (S ¼ 1=2) with gfactor = 2, and negative indicates an antiferromagnetic interaction among Cr ions. Upon decreasing temperature, r exhibits a broad maximum at around 15 K and a sharp decrease below the temperature, that is, a gap-like behavior.
Results and Discussion
r increases again below 3.8 K. This upturn in r obeys a Curie law and is ascribed to a small amount of impurity phase (approximately 0.2 mol% as spin 1=2 impurity). Net susceptibility M obtained by subtracting the Curie tail from 
where A is a constant, Á is the magnitude of the spin gap, and 0 is the constant term caused by the diamagnetism of core electron shells and Van Vleck paramagnetism. The solid line in the inset of Fig. 3 shows the fitting using eq. (1). The parameters obtained from the fitting were Á=k B ¼ 14:7ð1Þ K and 0 ¼ À1:8ð2Þ Â 10 À4 emu/mol. To confirm a spin gapped ground state and to determine gap energy, we performed high-field magnetization measurements. Figure 4 shows (a) the magnetic field (H) dependence of magnetization (M) and (b) its field derivative ðdM=dHÞ at 1.6 K for Ba 3 Cr 2 O 8 . Up to 12 T, M slightly increases with a tendency to saturate at a small M, which originates in impurities. Above the magnetic field it rapidly increases and saturates at around H S ¼ 23 T. This behavior clearly indicates that the ground state is a gapped spin singlet and is then excited to the triplet state above the critical field H C ¼ 12 T. Energy gap Á is estimated to be Á=k B ¼ 16:1 K using the following equation;
This value is consistent with 15 K roughly evaluated from the susceptibility data and the eq. (1) . M saturates at around 1.8 B which is less than the ideal value of 2.0 B / 2Cr 5þ . The origin of this reduction has not been known yet, although it would be partly due to the inclusion of impurity. Here, it should be noted that Ba 3 Cr 2 O 8 does not show any magnetization plateau in contrast to Ba 3 Mn 2 O 8 . However, the value of 11 T between H C and H S suggests a considerable interaction among the triplets (magnons), that is, the system is not a simple isolated dimer system. If threedimensional magnetic ordering occurs in the range of H C < H < H S , Ba 3 Cr 2 O 8 would be counted as a new BEC material in a boson system, where BEC phenomena would be understood more clearly than in S ¼ 1 Ba 3 Mn 2 O 8 . The measurements of the T-dependence of magnetization at H C < H and the synthesis of a single crystal are now in progress.
The present study reveals that Ba 3 Cr 2 O 8 has a spin gapped ground state. Because it is thought from the analogy with Ba 3 Mn 2 O 8 that the spin gap of Ba 3 Cr 2 O 8 originates in the nearest neighbor exchange interaction J 0 [see Fig. 1(b) ], we first analyze M using the Bleaney-Bowers equation [eq. (2)] 14,15) for isolated dimers which is derived from the S ¼ 1=2 Heisenberg Hamiltonian in eq. (3),
where N A is Avogadro's number, g and B are g-factor and Bohr-magneton, respectively, and J 0 is the intra-dimer exchange coupling parameter. We fitted M to the eq. (2) with g-factor as a variable parameter. The fitting curve is shown in Fig. 5(a) . The best-fit gives g ¼ 1:909ð2Þ, J 0 =k B ¼ 25:07ð4Þ K, and 0 ¼ À0:5ð1Þ Â 10 À4 emu/mol. Intradimer interaction J 0 =k B (¼ 25:1 K) is much larger than gap energy Á=k B (¼ 16:1 K) estimated from H C . This means that Ba 3 Cr 2 O 8 is not a simple isolated dimer system, which has also been deduced from the high-field magnetization measurements, and that interdimer interactions should be taken into consideration for the analysis of M -T curve.
From the analogy with Ba 3 Mn 2 O 8 , three kinds of interdimer interactions, namely, J 1 , J 2 , and J 3 , can be considered, where J 1 , J 2 , and J 3 correspond to the second, third, and fourth nearest neighbor interactions [see Fig.  1(b) ], respectively. We fitted M to eq. (4) of the spin-dimer model with the interdimer interaction J 0 ¼ 3J 1 þ 6J 2 þ 6J 3 , which was used in the analysis of magnetic susceptibility for
The calculated curve well reproduces the observed M in the temperature range of 6 -300 K, as shown in Fig. 5(b) 
